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Abstract. In this paper we present single stellar population models of intermediate age stellar populations where
dust-enshrouded Asymptotic Giant Branch (AGB) stars are introduced. The formation of carbon stars is also
accounted for, and is taken to be a function of both initial stellar mass and metallicity. The effects of the dusty
envelopes around AGB stars on the optical/near-infrared spectral energy distribution were introduced using semi-
empirical models where the mass-loss and the photospheric chemistry determine the spectral properties of a star
along the AGB sequence. The spectral dichotomy between oxygen-rich stars and carbon stars is taken into account
in the modelling.
We have investigated the AGB sequence morphology in the near-infrared colour-magnitude diagram as a function
of time and metallicity. We show that this diagram is characterized by three morphological features, occupied
by optically bright oxygen-rich stars, optically bright carbon stars, and dust-enshrouded oxygen rich and carbon
stars respectively. Our models are able to reproduce the distribution of the three AGB subtype stellar populations
in colour-colour diagrams. Effects of dusty envelopes on the luminosity function are also investigated.
We have extended our investigations to the integrated spectro-photometric properties of stellar populations. We
find that the contribution of AGB stars to the near-infrared integrated light decreases, making optical/near-
infrared colours of intermediate age populations bluer than what is expected from pure photospheric emission
models.
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1. Introduction
Stars in the AGB phase are a dominant source of the near-
infrared light of intermediate-age (0.1Gyr≤ age≤ 2Gyr)
stellar populations. As an example, AGB stars (defined as
stars with Mbol ≤ −3.6) contribute up to 60% of K-band
light at 1Gyr (Ferraro et al. 1995, Mouhcine & Lanc¸on
2002a).
AGB stars develop at the end of their life a strong
mass loss. The optical light of AGB stars with the highest
mass loss rate is almost entirely absorbed by their dusty
circumstellar envelopes and re-emitted at longer wave-
lengths. These obscured objects become very bright in-
frared sources with particularly red near-infrared colours.
Omont et al. (1999) have shown that at least 25% of the
RGB stars in the galactic bulge are losing mass, based on
their very red ISO colours.
Another characteristic of AGB stars is the formation of
carbon stars (i.e., AGB stars with C/O> 1). It has been
well known from counts in the Magellanic Cloud clusters
(e.g. Aaronson & Mould 1980, Frogel et al. 1990, Rebeirot
et al. 1993) that carbon stars represent a significant frac-
tion of the AGB population of intermediate age clusters,
at least at sub-solar metallicity. Hence, they are responsi-
ble of a significant fraction of the integrated light of inter-
mediate age stellar populations (Costa & Frogel 1996). In
addition, carbon stars tend to be the intrinsically brightest
of the AGB stars present, as they usually correspond to
later evolutionary stages than their M-type counterparts.
It is well established observationally, at least for simple
stellar populations, that carbon stars are redder than M
stars (Persson et al. 1983).
Newly large and homogeneous statistical sample of
photometric data sets in the near-infrared (2MASS,
Skrutskie 1998, and DENIS, Cioni et al 1997) and in the
mid-infrared (ISOGAL, Omont et al 1999), and in the op-
tical (Zaritsky et al. 1997) give us a unique opportunity to
study the late-type stellar content of our galaxy and the
Magellanic Clouds, and to draw conclusions about their
formation history.
The observed structure of the Hertzprung-Russell
(HR) diagram of resolved galaxies is a convolution of two
functions. One function describes the rate of the forma-
tion of the stars which are present today in a galaxy. The
second function describes the evolution of a star in the ob-
served HR diagram (i.e., lifetime of different stellar phases,
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the location of those phases in the HR diagram). At iden-
tical star formation histories, the apparent morphology is
controlled mostly by the second function. Accurate stel-
lar evolutionary models that cover the necessary range of
ages, metallicities and evolutionary phases are needed to
retrieve information about the star formation history of a
galaxy. Unfortunately, the actual state of our understand-
ing of late-type stellar evolution is still far from being
reliable enough to perform such a goal accurately. The
work presented in this series of papers aims at improving
our knowledge of the effect of late type stars on stellar
population properties.
Effects of the dusty envelopes surrounding AGB stars,
in addition to those related to the formation of carbon
stars, on (i) the morphology of the AGB sequence in the
observational HR diagram of resolved stellar populations
and (ii) integrated properties of unresolved populations
have been neglected for a long time. Mouhcine & Lanc¸on
(2002a) have presented a new spectral library of single
stellar populations where the formation of carbon stars
was taken into account. They showed that the presence
of carbon stars in the stellar populations lead to redder
integrated near-infrared colours. Bressan et al (1998) have
presented single burst population models taking into ac-
count the effect of the formation of dusty envelopes asso-
ciated with AGB mass loss. They have used a radiative
transfer model to correct the stellar spectra predicted by
standard evolutionary tracks, assuming that all circum-
stellar envelopes have the same chemistry (i.e., silicate
or carbonaceous grains). Hence when they consider car-
bon rich dust, the whole dust-enshrouded stellar popula-
tion have the same properties, even low core mass stars
that never form carbon stars. In addition, they have not
taken into account the spectral dichotomy between oxy-
gen rich and carbon stars, considering giant star spectra
to be representative of the spectral energy distribution of
AGB stars.
Based on the models of Mouhcine & Lanc¸on (2002a),
we constructed a set of theoretical models which account
simultaneously for the formation of carbon stars and the
dust shells around thermally pulsating-AGB (TP-AGB
hereafter) stars, and obtained a new set of isochrones
suited for the analysis of the near-infrared data. Our main
goal, as noted above, is to study the evolution of the AGB
sequence morphology and integrated near-infrared prop-
erties.
In Sect. 2 we present the grid of stellar evolutionary
tracks which we use in order to calculate isochrones in
the theoretical plane (i.e. luminosity vs. effective temper-
ature). We recall briefly the modelling of the TP-AGB evo-
lutionary phase, which is included by means of a synthetic
model including all relevant physical processes that con-
trol the evolutionary properties that are related to their
effects on integrated properties.
We describe the dusty envelope model used to calculate
the effects of circumstellar shells around late-type stars on
the energy distribution, and calculate the isochrones in the
observational plane (i.e., magnitude vs. colour).
In Sect. 3 we study the effects of various TP-AGB sub-
types on the evolution of near-infrared properties of both
resolved and unresolved stellar populations. We discuss
how they depend on age and metallicity. Finally, in Sect. 4
our conclusions are drawn.
2. Population synthesis modelling
2.1. AGB stellar evolution
Synthetic evolution models represent an attractive tool
to investigate the evolutionary and chemically aspects of
AGB stars. The evolution of TP-AGB properties are fol-
lowed by means of such models. We present briefly the
stellar evolution models that we used to follow the for-
mation and the evolution of TP-AGB stars. The reader is
referred to Mouhcine & Lanc¸on (2002a) for more details.
The model includes different physical processes affect-
ing the evolution of AGB stars along the TP-AGB phase
and playing a dominant role in determining the lifetime,
the extent of nuclear processing and the chemical abun-
dances, like the envelope burning, the third dredge-up,
the high rate mass loss at the tip of the TP-AGB phase.
We start from the last model calculated along the early-
AGB evolutionary tracks. The total mass, core mass, ef-
fective temperature, bolometric luminosity of the models,
and carbon to oxygen ratio in the stellar envelope are let
to evolve according to semi-analytical prescriptions.
Synthetic modelling of the TP-AGB phase requires the
knowledge of: (i) the critical core mass Mminc above which
dredge-up is triggered, (ii) the dredge-up efficiency (de-
fined as λ = ∆Mdredge/∆Mc, where ∆Mdredge and ∆Mc
are, respectively, the amount of mass dredged-up to the
envelope after a pulse and the increase in core mass dur-
ing the time between two successive TPs), (iii) the critical
envelope mass above which the envelope burning is effec-
tive, and (iv) the element abundances in the inter-shell
material.
The basic physical prescriptions which the models
stand on are the following:
1. the core mass/luminosity relation;
2. the core mass/interpulse-period relation;
3. the core mass evolutionary rate;
4. an algorithm to calculate the effective temperature;
5. CNO burning possibly occurring in the convective en-
velope base;
6. prescription to calculate the mass loss rate by stellar
wind as function of the stellar parameters;
7. the third dredge-up and its efficiency;
8. the composition of the third dredge-up material.
The prescriptions used account for different physical
processes affecting the core mass/luminosity and the core
mass/interpulse-period relations, and do not rely on the
assumption that the classical linear relations are valid.
Marigo et al. (1999) have shown that the actual state of
semi-analytical modelling account for both breaks of the
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core mass-luminosity relation, for low-mass stars when dif-
fusive overshooting is introduced (Herwig et al. 1998), and
for massive stars due to the envelope burning (Blo¨cker
1995). The adopted relations are rather good represen-
tations of the outputs of the detailed numerical models
(Wagenhuber & Groenewegen 1998).
The theoretical values of the dredge-up parameters are
uncertain. Standard numerical models predict low dredge-
up efficiencies (Boothroyd & Sackmann 1988), while mod-
els assuming diffusive overshooting predict highly efficient
dredge-up events (Herwig et al. 1998). Actually both pa-
rameters λ and Mminc affect the lifetime of carbon-rich
phase and the age interval for which carbon stars are
present in a stellar population. Both parameters are also
expected to depend on properties such as the stellar metal-
licity or its instantaneous mass and structure, but the
available information on these relations is neither com-
plete nor easy to extrapolate (e.g. Herwig 2000, Marigo et
al. 1999). Most of stellar evolution calculations fail to pre-
dict carbon stars at luminosities as low as observed, and
are only able to obtain dredge-up for relatively high initial
stellar masses (Forestini & Charbonnel 1997). The mod-
els presented here assume constant λ and Mminc . With
this assumption, reproducing the luminosity function of
carbon stars in the LMC requires intermediate dredge-up
efficiencies and leads us to adopt λ = 0.75 and Mc = 0.58
(Groenewegen & de Jong 1993, Marigo et al. 1996).
The physical conditions needed to trigger the envelope
burning, and its efficiency, are still uncertain and matter
of debate. We assume that the envelope burning is effec-
tive only if the envelope mass exceeds a critical value (see
Marigo, 1998, for alternative approach). To estimate this
critical value, we use the analytical relation presented by
Wagenhuber & Groenewegen (1998).
The chemical composition of the dredged-up material is
taken from Boothroyd & Sackmann 1988.
The final calculations are performed using a mix-
ing length parameter α = 2, Blo¨cker’s (1995) mass
loss prescription with a mass loss efficiency of η = 0.1
(Groenewegen & de Jong 1994). The end of TP-AGB
phase is determined by the ejection of the stellar enve-
lope under the influence of the stellar wind. The models
provide the lifetime of the whole TP-AGB phase and its
subtypes phases, in addition to the effective temperature
and luminosity, as functions of time and initial mass. All
this information is used to determine the spectral type
of each star in the HR diagram. A crucial key that de-
termines the nature of intermediate age populations, is
the sensitivity of the TP-AGB star properties to the ini-
tial metal content. This will affect in particular the for-
mation of carbon stars. We would like to note that the
models discussed here have shown their ability to repro-
duce relevant constraints relative to intermediate age stel-
lar populations as observed in the solar neighbourhood,
in Magellanic Cloud globular clusters, or in Local Group
galaxies (Mouhcine & Lanc¸on 2002 a,b). Fig. 1 shows the
predicted AGB sequence in the HR diagram for the stellar
populations dominated by AGB stars at solar metallicity.
Fig. 1. Isochrones in the cool luminous region of the HR
diagram populated by AGB stars for the age interval
when these stars dominate the near-infrared light of stel-
lar populations. The isochrones are calculated for [Z=0.02,
Y=0.28] initial chemical composition. The younger the
isochrones, the brighter they are. Adopted stellar evolu-
tion free parameters are discussed in the text.
Let us discuss first what these models tell us about
the effects of carbon stars and dust-enshrouded stars on
the properties of single stellar populations. To account for
both AGB sub-populations we need to know, for each stel-
lar initial mass, the ages marking the transition from (i)
oxygen-rich chemistry to carbon-rich chemistry, (ii) opti-
cally bright source to optically obscured source, and (iii)
TP-AGB phase to Post-AGB phase. To estimate the age
at which an AGB stars becomes obscured, we assume that
the stars are not longer observable when the optical depth
at 1µm (τ1µm ∝ M˙Ψ, where τλ is the optical depth, M˙
the mass-loss rate, and Ψ the dust-to-gas ratio) is higher
than a critical value (τ1µm >∼ τcrit). See Sec.2.2 for more
informations about the envelope models used to estimate
the optical depth.
Fig. 2 shows the evolution of the fraction of the whole
TP-AGB lifetime stars spend as obscured objects, as a
function of their initial mass for Z=0.02 and Z=0.008
metallicities, for two different values of the critical opti-
cal depth at 1µm (τ1µm = 1and3). This choice is justified
by the fact that the ingredients (grain properties, mass-
loss rate determination, condensation temperature, ... etc)
used to construct the envelope models are known within
a factor of few (3-5). The plot shows clearly that massive
stars (i.e., Minit ≥ 4− 3.5M⊙) that suffer from envelope
burning, spend a large fraction of their TP-AGB lifetime
as obscured objects, due to their high mass-loss rate (see
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below). On the other hand, the plot shows that this frac-
tion decreases rapidly for stars having initial masses below
this limit. This plot shows again the effect of the envelope
burning on intermediate age stellar population properties,
and emphasizes the importance of its inclusion in stellar
population models.
Figure 3 shows the evolution of the bolometric magni-
tude as a function of the initial mass for the three charac-
teristic stages of the AGB phase. The lower and the upper
solid lines represent the magnitudes when a star enter and
quit the TP-AGB phase respectively, the dashed line rep-
resents the transition magnitude of a TP-AGB star from
oxygen-rich to carbon-rich chemistry, while the dashed-
dotted line represents the transition magnitude of a stars
from being optically bright to being dust-enshrouded. The
bolometric luminosity distribution as a function of mass
shows that when both oxygen-rich and carbon stars coex-
ist in a single age stellar population, carbon stars are the
brightest, as they are more evolved objects than oxygen-
rich stars. However, for single stellar populations with a
turn-off mass of MTO ≃ 4M⊙ (i.e., stellar population age
about ∼ 0.2Gyr), for which the competition between the
envelope burning and the third dredge-up starts to van-
ish and the latter process becomes more effective than in
more massive stars, oxygen-rich stars could be brighter.
Note that at that age, most of the TP-AGB stars are los-
ing mass at a relatively large rate.
Note that massive/luminous carbon stars (i.e.,
Minit ≥ 4−3.5M⊙) spend their entire lifetime as optically
invisible object. The TP-AGB evolution of those stars is
controlled mainly by the interplay between the envelope
burning, the mass-loss, and the third derdge-up. The over-
luminosity produced by the envelope burning, trigger the
super-wind (M˙ ∼ 10−6 − 10−4) very early, and the hot
temperature at the base of the envelope prevent the for-
mation of carbon stars. This scheme is valid as long as
the envelope mass is high enough to maintain a hot tem-
perature at the base of the envelope. When the mass-loss
has dramatically reduce the mass of the envelope, lowering
the temperature at the base of the envelope, the envelope
burning stops and the star may become carbon-rich, but
being already embedded in dense circumstellar shell.
The bolometric luminosity distribution of dust-
enshrouded M-type stars is expected to peak at brighter
luminosities than the one of dust-enshrouded carbon stars,
which, in turn, is expected to peak at higher luminosities
than the luminosity distributions of both optically bright
carbon stars and M-type stars respectively. Optically
bright carbon stars are expected to populate the AGB
mostly between Mbol ≃ −4.3 and −5.5, with a peak
aroundMbol ≃ −4.8, whilst dust-enshrouded carbon stars
may be as bright as Mbol ≃ −6.5. Nevertheless, indepen-
dently of the initial metallicity dust-enshrouded carbon
stars as faint as Mbol ≃ −4.5 may be found (with progen-
itor masses about Minit ∼ 1.5M⊙). Note that the peak of
the bolometric luminosity distribution of optically bright
carbon stars is not expected to vary with the metallicity,
because the preferred mass range for carbon star forma-
Fig. 2. Fraction of the total lifetime of the TP-AGB stars
spent as optically obscured stars for solar (thin lines) and
LMC (thick line) metallicities for τ1µm = 1 (continuous
line) and τ1µm = 3 (dashed line). See text for more details.
The mass loss prescription from Blo¨cker (1993) was used
with ηB ∼ 0.1.
tion is relatively insensitive to metallicity (for more de-
tails, see Mouhcine & Lanc¸on 2002b). The luminosity dis-
tribution of dust-enshrouded M-type stars is expected to
have a peak at Mbol ≃ −6.5 to −6.8. These stars are pre-
dicted to live ∼ 4 − 9 × 104 yr in agreement with van
Loon et al. (1999).
Note that Fig. 3 is constructed neglecting the lumi-
nosity modulation due to the recurrence of third dredge-
up events. This point will be discussed in more detail in
Sec. 3.1.
Olivier et al. (2001) have used a sample of oxygen rich
and carbon rich dust-enshrouded AGB stars in the so-
lar neighbourhood to estimate empirically the duration
of the high mass-loss rate AGB phase. They show that
the stars in their sample have a main-sequence progen-
itor with 1M⊙ ≤M≤ 2M⊙ (with an average progenitor
mass of∼ 1.3 M⊙) have an average dust-enshrouded AGB
phase of (3.7 ± 1.9)× 104 years. For the same parameters
(i.e. Minit ≈ 1.3M⊙ and Z=Z⊙), our models predict the
high mass-loss AGB phase have a duration of 5.5 × 104
years, in agreement with the lifetimes derived by Olivier
et al (2001) (see Habing 1996 for a discussion of other
determination of the duration of the mass-loss phase).
2.2. Dust envelope models
Extensive work was done to study the properties of cir-
cumstellar dust shells around late-type stars taking into
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Fig. 3. Bolometric magnitude of important transitions for
TP-AGB stars with initial metallicity Z=0.02. Shown are
the transitions from the E-AGB to the TP-AGB (bottom
continuous line), the transition from spectral type M to
spectral type C (dashed line), the end of the TP-AGB (up-
per continuous line), as function of the initial mass. The
dotted-dashed line shows the evolution of the transition
bolometric magnitude for a star from being an optically
visible to an IR source. We assumed that the star becomes
no longer optically visible when the optical depth at 1µm
is larger than 3 (see the text for more information).
account radiative transfer and chemistry (Hummer &
Rybicki 1971, Bedijn et al. 1978, Rowan-Robinson &
Harris 1983, Martin & Rogers 1984, Justtanont & Tielens
1992). However, as our principal goal is to study the dust-
enshrouded stellar populations as a whole, we need a dust
envelope model, which is consistent with the observational
constraints, and makes us able to figure out (i) the ex-
tinction that affects the stellar spectrum due to the dust
shell, (ii) how much light is emitted in the near-infrared as
function of the fundamental stellar parameters, and (iii)
accounts for the average properties of the dust-enshrouded
stellar populations.
To construct dusty envelope models around late type
AGB stars, the following assumptions are made: (i) spher-
ical symmetry, and (ii) constant properties of the dust
grains at different ages and metallicities. We stress that
our purpose is to have a good description of the aver-
age properties of grains in circumstellar envelopes. For a
given mass loss rate and from the equation of continuity,
the dust density outside the condensation radius, where
the dust forms, scales as r−2:
ρd(r) =
M˙d
4pi r2 vd
(1)
where M˙d is the dust mass-loss rate, and vd is the dust
outflow velocity. The grain emission being negligible in the
near-infrared, the wavelength range of interest in this pa-
per, the spectral energy distribution of mass-losing star is
primarily determined by the dust optical depth. Note that
for some extreme stars, grain emission may contributes
to a relatively large fraction, 20%-50%, of K-band light.
However these objects have very short lifetime and con-
sequently have small effects on stellar population proper-
ties: a very small number of such stars may present in a
stellar population, and contribute to a small fraction of
integrated light budget.
The dust optical depth is defined as:
τλ =
∫ Rout
Rc
pi a2Qext(λ)nd(r) dr
≈
3
16pi
M˙ Ψ
Rc vd
Qext(λ, a)/a
ρgr
(2)
where Qext(λ)=Qabs(λ)+Qsca(λ) is the dust extinction,
absorption and scattering coefficients respectively, nd is
the dust grain number density, a is the grain size, M˙ is
the total mass-loss rate, Ψ the dust-to gas ratio, ρgr is the
grain density, Rout is the outer radius of the circumstellar
shell, and Rc the dust condensation radius. We will as-
sume that the dust velocity equals the terminal velocity
of the gas. Groenewegen (1993) has shown that this ap-
proximation is correct to within 10%. To derive Eq. (2) we
have neglected 1/Rout with respect to 1/Rc.
For the near–infrared region we have assumed that the
absorption and scattering efficiencies of the grains fol-
low a power-law, Q(λ) =Q(1µm)(λ/µm)−β (Jura 1983,
Bedijn 1987). The grain size of both carbon rich dust and
oxygen-rich dust was taken to be a= 0.1µm, and the grain
density was taken to be ρgr = 2.5 gr cm
−3 for silicates
and ρgr = 2.26 gr cm
−3 for amorphous carbon grains.
The absorption efficiencies at the reference wavelength of
1µm, Q(1µm), were taken from Jones & Merrill (1976)
for silicates and from Rowan-Robinson (1986) for amor-
phous carbon grains. The value of β which fits the en-
ergy distribution of carbon stars in the region of our in-
terest is β = 1.0 (e.g. Rouleau & Martin 1991, see also
Rengarajan et al. 1985, Le Bertre et al. 1995, Suh 2000).
The same value was taken for silicate grains (Schutte &
Tielens 1989). We consider silicate grains when dealing
with oxygen rich circumstellar envelopes, and amorphous
carbon grains when dealing with carbon rich circumstellar
envelopes. We assumed that the properties of all the grains
in the dusty envelope around a TP-AGB star change in-
stantaneously when the star becomes carbon rich. The
condensation radius was taken to vary like:
Rc
Rs
≈
1
2
[
Teff
T c
](4+β)/2
(3)
where Tc is the condensation temperature at the inner
radius and Rs is the stellar radius (i.e., Rs ∼ L
1/2 T−2eff ).
Groenewegen & de Jong (1994) have shown, using detailed
radiative transfer calculations, that the evolution of the
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condensation radius as function of the stellar parameters,
at least for carbon stars, is well represented by Eq. (3).
The condensation temperature of both carbon-rich and
oxygen-rich dust is taken to be ≃ 1000K (Le Bertre 1986,
Le Sidaner & Le Bertre 1996).
To achieve our envelope models, we need to evaluate
the dust-to-gas ratio Ψ and the expansion velocity vexp
for stars evolving along the TP-AGB phase. To evaluate
vexp, the period-mass-radius relation of fundamental mode
pulsators from Wood (1990) is used in combination with
the expansion velocity-period relation from Vassiliadis &
Wood (1993). Regarding Ψ scaling arguments show that
Ψ ∼ v2expL
−1/2. Using detailed modelling Habing et al.
(1994) have shown that the exact dependence of Ψ on
luminosity and vexp deviates slightly from the scaling for-
mula. We will use the formula of Habing et al. Note that
we do not introduce any additional explicit dependence
on metallicity in our semi-analytical envelope model.
3. Effects of obscured AGB stars.
In the following subsections, we will discuss how dust-
enshrouded AGB stars affect near-infrared properties of
both resolved galaxies and unresolved stellar populations.
For this purpose, we coupled the dusty envelope model
with synthetic AGB models. Regarding resolved popula-
tions, we study the sensitivity of the AGB sequence mor-
phology in the near-infrared HR diagram to the dominant
AGB subtype. For unresolved stellar populations we will
examine how optical/near-infrared broad-band colours are
sensitive to the presence of obscured AGB stars.
Transformations from the theoretical to the observa-
tional plane were performed by making use of the stellar
spectral library of Lanc¸on & Mouhcine (2002). The latter
library is based on stars on the solar neighbourhood. To
account for a dependence on the metal content even for
M giants, we adopted the same library at different metal-
licities but assigned the spectral class, identified by the
(I-K) colour, adopting the (I-K)-Teff relation of Bessell
et al. (1989) which depends on the metallicity. (R-H) was
taken to be an effective temperature indicator of carbon
stars (Loidl et al. 2001). The sensitivity of carbon star
spectra to metallicity is thought to be small (Gautschy
2001). Hence carbon star spectra of solar neighbourhood
stars were used at all metallicities.
To account for the effect of the dust along the TP-
AGB, we combine the AGB star synthetic evolution mod-
els and the semi-analytical envelope models presented in
Sec. 2.2. The optical depth is a combination of two effects.
The first one (i.e., Q(λ)/a ρgr) describes the circumstellar
shell chemistry and the second one describes the effect of
the evolutionary status of a TP-AGB star on its circum-
stellar shell structure. At fixed age, we use stellar evo-
lutionary parameters of the TP-AGB stellar population
that populate the isochrone (i.e., Teff , L, Minit, Z/Z⊙)
to derive the optical depth for each star, and hence to
compute the near-infrared spectral energy distribution of
mass-losing stars (Volk & Kwok 1988, Bressan et al 1998).
3.1. Resolved stellar populations: Isochrones in the
Infrared
First, we examine the effect of carbon stars on the mor-
phology of the upper cool/luminous part of the colour-
magnitude diagramwithout considering obscuration. Fig 4
shows selected isochrones with Z=0.008 and Z=0.02 in the
MK vs. (J-K) diagram.
Continuous lines show isochrones where oxygen-rich
and carbon stars are accounted for. Dashed lines show
isochrones for which only oxygen-rich stars are considered.
The plot illustrates nicely the effect of carbon stars on
the morphology of the upper colour-magnitude diagram of
intermediate-age stellar populations. When carbon stars
are neglected, the models predict that AGB star popula-
tions should appear as a single and continuous ”plume”
in the MK vs. (J-K) diagram, with (J-K)∼ 0.8 − 1.5.
However, when carbon star formation is followed, a car-
bon star branch is expected. This branch will appear in the
colour-magnitude diagram as a second plume where (J-K)
may be as red as 2 or redder for the same range of K-band
magnitudes than the models that neglect the formation
of carbon stars. The models predict that the first plume
is occupied by oxygen-rich stars. Isochrones younger than
∼ 0.2−0.3Gyr are not affected by the inclusion of carbon
stars in the modelling for the simple reason that carbon
stars are not present yet in the stellar population. The
models predict that the carbon stars branch in the colour-
magnitude diagram is more pronounced at Z=0.008 than
at Z=0.02, because of the higher efficiency of carbon star
formation in metal-poor systems.
Fig. 5 shows selected isochrones with Z=0.008 and
Z=0.02 in the MK vs. (J-K) diagram. Now the for-
mation of both carbon stars and circumstellar shells
around the TP-AGB stars are accounted for to construct
isochrones. A new morphological feature appears in the
colour-magnitude diagram as an additional plume. The
plot shows the location of three different populations in
the MK vs. (J-K) diagram. The first stellar sub-population
have 0.6 <∼ (J−K) <∼ 1.4. This region of the HR diagram
is occupied by Early-AGB stars and oxygen-rich TP-AGB
stars. The magnitude extension of this sub-population is
quite large because it is populated by stars with different
progenitor initial mass (from 5-6M⊙ to ∼ 1M⊙), with
quite different magnitude at the tip of the AGB. The sec-
ond stellar sub-population have 1.4 <∼ (J −K) <∼ 2, and
it contains optically bright carbon-rich TP-AGB stars.
The luminosity extent of this population is significantly
narrower than that of the first population. The extent of
the morphological feature related to this population is less
pronounced at solar metallicity than at Z=0.008 metallic-
ity, because of the larger efficiency of carbon star forma-
tion at low metallicity. The third stellar sub-population
has extremely red colours (i.e., J-K>∼ 2), and decreas-
ing K-band luminosity as the colour becomes redder. This
region contains extremely red dust-enshrouded TP-AGB
stars, both oxygen-rich and carbon-rich. Their large (J-
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Fig. 4. Synthetic near-infrared colour-magnitude diagram of selected isochrones with Z=0.008 and Z=0.02 where the
formation of the dust shells is ignored. Continuous lines show isochrones constructed when both oxygen-rich stars and
carbon stars are considered, while the dashed lines represent the isochrones when carbon star formation is ignored.
Fig. 5. Synthetic near-infrared colour-magnitude diagram of selected isochrones with Z=0.008 and Z=0.02 (continuous
line: 0.12Gyr, dotted line: 0.35Gyr, dashed line: 0.5Gyr, and long-dashed line: 0.8Gyr). Both the formation of carbon
stars and the effects of dust envelope on the spectral properties are taken into account.
K) and decreasing K-band luminosity are a consequence
of large extinction due to dusty circumstellar envelopes.
The predicted morphology of this region of the HR
diagram is in good agreement with the HR diagram mor-
phology of the LMC stellar populations as observed by
2MASS (Nikolaev & Weinberg 2000).
To check further the behavior of our models in the
near infrared region of the spectrum, we have compared
our isochrones with samples of optically bright and dust-
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Fig. 6. H-K vs. J-H synthetic two colour diagram. The upper panel shows some selected isochrones with metallicity
Z=0.008 (continuous line: 0.12Gyr, dotted line: 0.2Gyr, dashed line: 0.35Gyr, long-dashed line: 0.5Gyr and dotted-
dashed line: 0.8Gyr). Overplotted is the sample of obscured AGB stars in the LMC from Zijlstra et al (1996). The
region outlined by a solid line encompasses LMC sources with J-K> 2 as observed by 2MASS (Nikolaev & Weinberg,
2000). The lower panel shows some selected isochrones with metallicity Z=0.02. Overplotted are Olivier et al.’s (2001)
sample of dust-enshrouded object in the solar neighbourhood. Open circles represent oxygen rich stars, filled circles
carbon stars. The regions outlined by the solid line and the dashed line encompass South Galactic Cap Miras stars
and M stars (Whitelock et al. 1994, 1995) respectively.
enshrouded stars. Fig. 6 (right panel) shows the selected
isochrones at solar metallicity in the two colour diagram
(J-H) vs. (H-K). Also shown is the location of M giants
(area delineated by dashed line) and Miras (area delin-
eated by continuous line) as observed in the Southern
Polar Cap (Whitelock et al. 1994, 1995), in addition to
carbon (filled circles) and oxygen-rich (open circles) dust-
enshrouded AGB stars in the solar neighbourhood (Olivier
et al. 2001). The left panel shows the same isochrones
at Z=0.008 metallicity, compared to a sample of dust-
enshrouded AGB stars in the LMC (Zijlstra et al. 1996),
and the location of LMC/2MASS sources with (J-K)≥ 2
(Nikolaev & Weinberg 2000).
Both the bulk of the M giants at (J-H)≃ 1 and (H-
K)≃ 0.3 and of Miras samples are well reproduced by the
models. As the star reaches the TP-AGB phase, the ef-
fect of the mass-loss increases and the circumstellar shells
modify the energy distributions. Isochrones with differ-
ent ages and metallicities reach different values of ex-
tinction. In the framework of our semi-analytical enve-
lope model, the optical depth is an increasing function of
mass and metallicity. The larger the metallicity and the
lower the isochrone age, the larger the optical depth, and
the further the isochrone extends in the colour-colour di-
agram. TP-AGB stars losing mass at high rates populate
an extended red arm in the (J-H) vs. (H-K) two colour
diagram. Fig. 6 shows that this red arm splits into two
arms occupied by carbon stars and oxygen rich stars re-
spectively. Dust-enshrouded carbon stars exhibit different
colours from dust-enshrouded M-stars, indeed they have
a redder (H-K) colour than M-type stars at fixed (J-H).
This predicted behavior is in agreement with the obser-
vational constraints in the solar neighbourhood (Olivier
et al. 2001). This behavior stresses again the importance
of the inclusion of both AGB subtypes simultaneously to
model intermediate-age stellar populations.
We have to mention that a fraction of carbon star sub-
population may occupy bluer and fainter regions in the HR
diagram, than what the bulk of the subpopulation does.
These relatively blue carbon stars may be low-mass car-
bon stars evolving through the faint/hot luminosity-dip
phase of the quiescent hydrogen burning phase that fol-
lows immediately a thermal pulse. It is known that this
luminosity-dip phase affects strongly the faint tail of car-
bon stars luminosity function (Marigo et al. 1996, see also
below). If the star formation in a galaxy proceeds con-
tinuously, one may expect that a fraction of carbon stars
should mix with oxygen-rich stars at bluer colours; this
was shown by Kontizas et al. (2001) in their survey of car-
bon stars in the LMC where they found that a significant
number of spectroscopically selected carbon stars are bluer
and fainter than ”carbon star’s region” defined photomet-
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Fig. 7. Theoretical carbon star bolometric (left panel) and
K-band (right panel) luminosity functions for simple stel-
lar populations of initial metallicity Z=0.008. Each his-
togram corresponds to the predicted distribution of car-
bon stars of the same age, i.e. evolved from progenitors
with the same initial mass, as indicated. The dashed-
dotted line is the K-band luminosity function of carbon
stars when the effect of circumstellar envelope on the en-
ergy distribution is accounted for.
rically by Nikolaev & Weinberg (2000). The implication
of the presence and the properties of this subpopulations
on the the link between carbon star statistics and the star
formation history, and hence the usage of carbon stars as
quantitative star formation tracer are left to a forthcom-
ing paper, where we present comparisons of our models to
data (Mouhcine et al. 2002, in preparation).
The results and discussions presented until now were
drawn out using smooth tracks; i.e. tracks where the stel-
lar luminosity modulation by thermal pulses was averaged
out and the resulting brightening rate of carbon stars is
nearly constant. In fact TP-AGB stars undergo a long-
lived underluminous stage, soon after the occurrence of a
thermal pulse, with deeper depth and longer duration for
low-mass stars (Minit ≤ 3M⊙). This effect plays a crucial
role in determining the extension of the low-luminosity
tail of the luminosity function of carbon stars (Boothroyd
& Sackmann 1988, Groenewegen & de Jong 1993).
Fig. 7 shows bolometric and K-band luminosity func-
tions of carbon stars that exist in simple stellar popula-
tions of selected ages, where roughly all carbon stars have
the same initial mass of the progenitor noted in each panel.
From this figure, it turns out that the faint tail of the bolo-
metric luminosity function extends ∼ 0.8− 1 mag fainter
than what is expected from the smoothed tracks. Stars
with initial masses Minit ≤ 2.5M⊙ have luminosity func-
tions that peak almost at the same magnitude (see also
Marigo et al. 1999). Note that few stars brighter than the
tip of the AGB magnitude exist in the stellar population.
Those stars evolve on the rapid luminosity peaks related
to the thermal pulses. Additional large-amplitude pulsa-
tions of the AGB stars could affect the magnitude extent
of different AGB sub-populations. Bolometric amplitudes
of galactic carbon stars are ∼ 0.6 mag (Le Bertre 1992)
and may be similar to those of galactic OH/IR stars (Le
Bertre 1993).
The right panel of Fig. 7 shows comparisons between
K-band luminosity functions of carbon stars of popula-
tions where all carbon stars are considered to be optically
bright (continuous line), and stellar populations where
both optically-bright and dust-enshrouded carbon stars
coexist (dashed-dotted line). Two features arise. (i) When
both sub-types of carbon stars are considered, the peak
of the luminosity functions shifts to fainter magnitudes
in comparison to what is expected when the formation
of shells around carbon stars is ignored, and (ii) a faint
and extended luminosity function tail (MK ≥ −5) is pre-
dicted. The stars that populate this faint wing are mainly
stars close to the end of their AGB phase having high
mass-loss rate and extreme red colours (J-K≥ 3), and
most of their light is emitted at wavelengths longer than
the K-band. As a consequence of the formation of this
faint tail, the main body of the K-band luminosity func-
tion becomes narrower than what is predicted when the
formation of dust-enshrouded carbon stars is neglected.
3.2. Unresolved stellar populations
In this section we will examine the effect of the dusty
envelopes around TP-AGB stars on the integrated near-
infrared properties of intermediate-age stellar populations.
We will restrict these investigations to the case of instan-
taneous burst models (occurring at t=0).
Once the optical depth of a TP-AGB star is calcu-
lated, its ”reddened” spectrum is added to the stellar
population spectrum weighted by the initial mass func-
tion (hereafter IMF). In the rest of the paper we adopt
a Salpeter IMF between the lower and upper cut-off
masses, Mlow = 0.1M⊙ and Mup = 120M⊙ respectively
(φ(m) ∝ m−α, α = 2.35). Fig. 8 shows the temporal evo-
lution of selected optical/near-IR colours when the forma-
tion of dust enshrouded AGB stars is taken into account at
solar and Z=0.008 metallicities. For comparison, the evo-
lution of optical/near-IR colours neglecting the effects of
circumstellar shells is also plotted. The most striking fea-
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Fig. 8. Temporal evolution of optical and near infrared colours of simple stellar population at solar and Z=0.008
metallicities. Continuous lines refer to models constructed taking into account the presence of circumstellar shells
around TP-AGB stars, while dashed-lines refer to ones when these stars were neglected.
ture is that models that account for the formation of dust-
shells around the TP-AGB stars have bluer colours than
models that do not account for them (see also Bressan et
al. 1998). This behavior is due to the large obscuration af-
fecting the brightest TP-AGB stars leading to a decrease
of their near-IR flux. Keep in mind that the optical light is
dominated by other stellar populations than AGB stars.
Using these models for age-dating of stellar populations
will lead to assigning older ages than what is predicted by
models assuming pure photospheric emission. As the age
of stellar population proceeds, the departure from the pre-
dictions of pure photospheric emission models decreases
translating the fact that red giant branch stars become
the dominant source of the near-IR spectral energy.
Metallicity effects are depicted in Fig. 9 where we plot
the temporal evolution of differences between the syn-
thetic colours of models that differentiate optically-bright
and dust-enshrouded stars and models that do not for
Z=0.02 and Z=0.008. For young stellar populations (i.e.
age≤ 0.25Gyr), when carbon stars do not yet exist,
higher metallicity models are more affected by the in-
clusion of dust shells around TP-AGB stars because of
their low effective temperatures which lead to higher mass
loss rates and hence higher optical depth. The bump-like
shape that appears around ∼ 0.25Gyr and extends un-
til ∼ 1Gyr is related to the presence of carbon stars in
the stellar populations. During this age range the effect of
dust shells is larger at low metallicity even though metal-
poor stars have lower mass loss rates than metal-rich ones.
This is explained by the fact that at lower metallicity the
fraction of carbon stars is higher, and that the extinction
coefficients of carbonaceous grains found around carbon
stars are larger than those of silicate grains surrounding
oxygen-rich stars. The latter dominate the light of the stel-
lar populations at the same age interval at high metallic-
ity. In addition, AGB stars become brighter as the stellar
metallicity decreases, increasing the optical depth. Hence
carbon stars are affected more severely than oxygen-rich
stars having the same location location in the HR dia-
gram leading to a bigger departure from the prediction of
pure photospheric emission models. For older stellar pop-
ulations, as the contribution of AGB stars goes down, no
envelope-related metallicity effect is seen.
4. Conclusions
In this paper we have modelled the effects of both car-
bon stars and of the presence of a steady-state outflow
of matter surrounding TP-AGB stars on the optical and
near-IR emission of intermediate-age stellar populations.
To this aim we coupled stellar evolution models and dusty
shell models, in order to derive the evolution of the extinc-
tion due to circumstellar shells along the TP-AGB phase.
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Fig. 9. Differences between the synthetic broad-band
colours of models that differentiate optically-bright and
dust-enshrouded stars (labelled ”Dusty”) and models that
neglect the formation of the these stars (labelled ”OP”)
for both metallicities indicated in the plots.
Effects on the luminous and cool region of the HR diagram
of resolved stellar populations and on integrated near-
infrared properties of unresolved intermediate-age stellar
populations were investigated.
The effects of both AGB sub-populations are predicted
to be strong on the distribution of AGB stars in the
colour-magnitude diagram. Indeed, the AGB sequence is
expected to split into three morphological features oc-
cupied respectively by oxygen-rich Early-AGB/TP-AGB
stars, carbon stars, and dust-enshrouded stars with little
overlap, in good agreement with the feature-rich 2MASS
LMC colour-magnitude diagram.
As a test of our models, we compared our isochrones
with a sample of galactic M stars, Mira stars, and extreme
dust-enshrouded objects in the Galaxy and in the LMC.
In the near infrared colours the models reproduce the lo-
cation of both optically bright and dust-enshrouded stars
in a (J-H) vs. (H-K) diagram. The models predict that
the dust-enshrouded carbon star population populates a
sequence with redder (H-K) than dust-enshrouded M-star
population at fixed (J-H).
We show that the K-band luminosity function of car-
bon stars is sensitive to the inclusion of the effect of dust-
shells around TP-AGB stars. The peak of the luminosity
function is expected to shift to fainter magnitudes and
faint tails populated by cool, luminous but obscured stars
close to the end of their AGB phase are predicted.
Regarding integrated properties of stellar populations,
the inclusion of dust shells around AGB stars reduces the
contribution of these stars to near-IR light because of the
large obscuration affecting them. This will lead to bluer
optical/near-IR colours in comparison to what is predicted
by models where the formation of circumstellar shells is
neglected. This effect decreases as the stellar population
grows older.
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